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Why	
  does	
  anyone	
  care	
  about	
  grain	
  growth?	
  

•  Grain-­‐level	
  microstructure	
  
strongly	
  influences	
  a	
  wide	
  range	
  
of	
  materials	
  proper5es	
  
–  Strength	
  

•  Hall-­‐Petch	
  rela5onship:	
  
–  Toughness	
  and	
  Fracture	
  
–  Corrosion	
  resistance	
  
–  Electrical	
  conduc5vity	
  
–  Magne5c	
  suscep5bility	
  	
  
–  …	
  

•  Controlling	
  the	
  microstructure	
  
and	
  rela2ng	
  the	
  microstructure	
  
to	
  proper2es	
  are	
  central	
  
problems	
  in	
  materials	
  science.	
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Evolu5on	
  of	
  grain	
  microstructure	
  is	
  a	
  highly	
  
complex	
  mul5-­‐scale	
  modeling	
  problem	
  

•  Atomic-­‐scale	
  
–  Boundary	
  proper5es	
  are	
  determined	
  by	
  atomic-­‐scale	
  structure	
  and	
  

dynamics	
  
•  Energy	
  –	
  changes	
  in	
  atomic-­‐level	
  bonding/coordina5on	
  in	
  the	
  boundary	
  
•  Mo5on	
  –	
  local	
  atomic-­‐level	
  rearrangements	
  at	
  the	
  boundary	
  

–  Time-­‐scale:	
  picoseconds	
  –	
  nanoseconds	
  
•  Meso-­‐scale	
  

–  Grain	
  sizes:	
  ~10	
  nanometers	
  -­‐	
  ~100	
  micrometers	
  
–  Need	
  to	
  consider	
  the	
  3-­‐D	
  network	
  of	
  grain	
  boundaries	
  
–  Time-­‐scale:	
  seconds	
  to	
  hours	
  

•  Conven5onal	
  strategy	
  
–  Determine	
  the	
  proper5es	
  of	
  grain	
  boundaries	
  with	
  atomic-­‐scale	
  methods	
  
–  Evolve	
  the	
  grain	
  structure	
  with	
  meso-­‐scale	
  simula5ons	
  that	
  incorporate	
  

the	
  boundary	
  proper5es	
  –	
  energy,	
  mobility	
  



What	
  is	
  the	
  big	
  deal	
  about	
  determining	
  grain	
  
boundary	
  proper5es?	
  

•  “We	
  hold	
  these	
  truths	
  to	
  be	
  self-­‐evident,	
  that	
  all	
  grain	
  
boundaries	
  are	
  NOT	
  created	
  equal,	
  …”	
  	
  -­‐	
  apologies	
  to	
  Thomas	
  Jefferson	
  
–  There	
  is	
  a	
  5-­‐dimensional	
  space	
  of	
  macroscopic	
  grain	
  boundary	
  structure	
  
–  The	
  proper5es	
  vary	
  throughout	
  this	
  5-­‐D	
  space	
  in	
  an,	
  at	
  best,	
  par5ally	
  

understood	
  manner	
  
–  And	
  this	
  does	
  NOT	
  even	
  consider	
  the	
  effects	
  of	
  temperature,	
  alloying,	
  

impuri5es,	
  second	
  phases,	
  applied	
  stress,	
  …	
  	
  
–  For	
  a	
  given	
  macroscopic	
  configura5on,	
  mul5ple	
  microscopic	
  (atomic-­‐level)	
  

grain	
  boundary	
  structures	
  may	
  be	
  present	
  in	
  equilibrium	
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Grain	
  Boundary	
  Proper5es	
  have	
  been	
  computed	
  for	
  a	
  
large	
  (388	
  sample)	
  catalog	
  of	
  boundaries	
  

	
  

•  The spread of “random” 
boundary energies is large - 
almost a factor of 2 

Grain boundary energy in Foiles-Hoyt EAM Ni 

•  Large spread in energy for the Σ3 
grain boundaries 

•  Other symmetric <110> tilt 
boundaries vary widely 

•  The Σ11 symmetric <110> tilt 
boundary with [311] planes is 
anomalously low in energy 

•  <111> twist boundaries are lowest 
in energy and obey Read-Shockley 
theory 

•  <100> twist boundaries are also 
low energy and obey Read-
Shockley 

Misorienta5on	
  is	
  insufficient	
  to	
  determine	
  grain	
  
boundary	
  energy	
  



Grain	
  boundary	
  mobility	
  has	
  been	
  determined	
  by	
  the	
  
applica5on	
  of	
  an	
  external	
  driving	
  force	
  

•  Possible	
  external	
  driving	
  forces	
  
–  Strain	
  

•  Relies	
  on	
  elas5c	
  anisotropy	
  which	
  produces	
  differing	
  
strain	
  energy	
  densi5es	
  in	
  the	
  two	
  crystals	
  

•  Not	
  applicable	
  for	
  all	
  boundaries	
  
–  Synthe5c	
  Driving	
  Forces	
  

•  Ar5ficial	
  poten5al	
  and	
  corresponding	
  forces	
  added	
  to	
  
the	
  system	
  which	
  favors	
  growth	
  of	
  one	
  grain	
  

•  The	
  magnitude	
  of	
  the	
  driving	
  force	
  is	
  a	
  method	
  
parameter	
  
–  Important	
  to	
  find	
  the	
  low	
  driving	
  force	
  limit	
  

Zhang, Mendelev & Srolovitz,  
Acta Mater. 52, 2569 (2004) 



Synthe5c	
  driving	
  force	
  has	
  been	
  developed	
  that	
  
conserves	
  energy 	
  	
  

•  Discon5nuity-­‐free	
  orienta5on	
  measure	
  
based	
  on	
  local	
  diffrac5on	
  condi5on	
  

–  Q	
  are	
  reciprocal	
  laoce	
  vectors	
  for	
  desired	
  
grain	
  orienta5ons	
  

–  w(R)	
  is	
  a	
  localiza5on	
  func5on	
  
•  Features	
  of	
  new	
  approach	
  

–  No	
  discon5nui5es	
  –	
  excellent	
  energy	
  
conserva5on	
  

–  Thermodynamic	
  intergra5on	
  for	
  free	
  
energy	
  density	
  difference	
  can	
  be	
  avoided	
  
in	
  many	
  cases	
  

–  Can	
  tune	
  the	
  degree	
  of	
  locality	
  
	
  

Ulomek,	
  O’Brien,	
  Foiles,	
  Mohles,	
  MSMSE	
  23	
  
(2015),	
  025007.	
  



Mobility	
  methods	
  have	
  been	
  compared	
  for	
  a	
  specific	
  
boundary	
  and	
  poten5al	
  	
  	
  

•  Reference	
  grain	
  boundary	
  and	
  
poten5al	
  	
  
–  Σ5[0	
  1	
  0]	
  asymmetric	
  5lt	
  boundary	
  

with	
  (1	
  0	
  7)	
  and	
  (1	
  0	
  1)	
  boundary	
  
planes	
  

–  Ackland	
  et	
  al.	
  EAM	
  poten5al	
  for	
  Ni	
  
•  3	
  methods	
  yield	
  values	
  for	
  

mobility	
  that	
  agree	
  within	
  error	
  
bars	
  
–  No	
  driving	
  force	
  (fluctua5on)	
  

•  Adapted	
  Interface	
  Random	
  Walk	
  
–  Driving	
  Force	
  (low	
  force	
  limit)	
  

•  Elas5c	
  Strain	
  
•  Synthe5c	
  Driving	
  force	
  

–  Ulomek,	
  et	
  al,	
  MSMSE	
  23	
  (2015)	
  025007	
  

Mendelez,	
  Deng,	
  Schuh,	
  Srolovitz,	
  
MSMSE	
  21	
  (2013)	
  045017	
  



Computa5onal	
  Detail:	
  Test	
  shows	
  that	
  synthe5c	
  
driving	
  force	
  has	
  minimal	
  effect	
  on	
  barriers	
  

•  Nudged	
  elas5c	
  band	
  calcula5ons	
  of	
  the	
  barriers	
  for	
  the	
  
mo5on	
  of	
  a	
  large-­‐angle	
  [0	
  0	
  1]	
  symmetric	
  5lt	
  boundary	
  	
  
–  Synthe5c	
  driving	
  force	
  
–  Shear	
  driving	
  force	
  

•  The	
  path	
  associated	
  with	
  the	
  boundary	
  mo5on	
  and	
  the	
  
associated	
  barriers	
  are	
  very	
  close	
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the grain boundary. At the start of the deformation path, atomic
rotations also cause atoms associated with the regions containing
the initial structural units to be compressed normal to the grain
boundary plane. An estimation of strain parallel to the grain
boundary is displayed in Fig. 3d and is less severe compared to
strain normal to the grain boundary plane. This lower relative

impact is further evidence pointing to a rotational mechanism
causing motion parallel to the grain boundary plane.

Nudged elastic band results are reported in Fig. 4. In each NEB
calculation, four energy barriers are computed from the saddle-
energy associated with the individual reconstruction of the four
C structural units from their ideal kite-shaped to a heart-shaped

Fig. 3. Metrics analyzing (a) slip-vector magnitude, (b) microrotation, (c) E11 strain normal to the grain boundary plane, and (d) E33 strain parallel to the grain boundary plane
for the 300 K simulations induced by a 0.005 eV/atom synthetic driving force. The results are independent of the driving force type and magnitude and can be generalized for
the eight, low-temperature boundary conditions studied.

Fig. 4. Nudged elastic band results showing (a) the four transition states to move the grain boundary, (b) NEB results for the 0.025 eV/atom driven simulation adjusted for the
added synthetic energy compared to results from sheared driven simulations, and (c) the energy barriers relative to the energy of the initial grain boundary structure without
the synthetic driving force energy.

S.P. Coleman et al. / Computational Materials Science 86 (2014) 38–42 41
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  Sci.	
  86	
  (2014)	
  38-­‐42	
  



Case	
  studies	
  of	
  boundary	
  mo5on	
  mechanisms	
  

•  Though	
  Arrhenius	
  behavior	
  of	
  
the	
  mobility	
  with	
  temperature	
  
is	
  the	
  conven5onal	
  wisdom,	
  the	
  
survey	
  revealed	
  existence	
  of	
  
boundaries	
  which	
  defy	
  this	
  
assump5on	
  

•  Three	
  grain	
  boundaries	
  with	
  
different	
  	
  temperature	
  
dependence	
  of	
  mobility	
  
–  Roughly	
  Arrhenius	
  

•  Σ15	
  (12	
  5	
  1)/(12	
  5	
  -­‐1)	
  	
  	
  
•  “Pub	
  ID	
  348”	
  

–  Arrhenius	
  with	
  curvature	
  
•  Σ5	
  (2	
  1	
  1)/(2	
  1	
  1)	
  	
  
•  “Pub	
  ID	
  15”	
  

–  An5-­‐thermal	
  
•  Σ7	
  (12	
  3	
  1)/(9	
  8	
  3)	
  	
  
•  “Pub	
  ID	
  220”	
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Arrhenius	
  boundary	
  (#348)	
  moves	
  by	
  a	
  	
  
complex	
  shuffle	
  

•  Color	
  coding:	
  FCC,	
  
•  Note	
  that	
  atom	
  “6”	
  moves	
  normal	
  to	
  the	
  plane	
  and	
  out	
  of	
  the	
  projected	
  

slice	
  



Athermal	
  boundary	
  appears	
  to	
  move	
  by	
  a	
  step	
  
process	
  

•  Coloring	
  by	
  centro-­‐symmetry	
  parameter	
  
–  Red	
  dashed	
  line	
  is	
  a	
  fiduciary	
  marker	
  



Athermal	
  Σ7	
  boundary	
  moves	
  by	
  the	
  local	
  
rota5on	
  of	
  atoms	
  in	
  the	
  common	
  (111)	
  plane	
  

•  Coloring	
  by	
  microrota5on	
  
–  Star	
  is	
  a	
  fiduciary	
  marker	
  

•  Note	
  that	
  Σ7	
  boundaries	
  have	
  a	
  common	
  (111)	
  plane	
  
–  Mo5on	
  occurs	
  by	
  rota5on	
  of	
  an	
  array	
  of	
  hexagons	
  

•  This	
  mechanism	
  may	
  explain	
  the	
  observed	
  high	
  mobility	
  of	
  Σ7	
  boundaries	
  



Mechanically	
  induced	
  grain	
  growth	
  –	
  over	
  a	
  wide	
  temperature	
  
range	
  -­‐	
  has	
  been	
  recognized	
  for	
  decades	
  

Plas5c	
  strain-­‐induced	
  boundary	
  
migra5on	
  in	
  deformed	
  Al,	
  observed	
  
during	
  annealing	
  at	
  350°C.	
  

•  Driving	
  force	
  is	
  direct	
  removal	
  of	
  
stored	
  disloca5ons	
  by	
  boundary	
  
sweeping.	
  

	
  Beck and Sperry, J. Appl. Phys. 21 (1950) 150.

Elas5c	
  stress-­‐induced,	
  reversible	
  low-­‐angle	
  
grain	
  boundary	
  migra5on	
  in	
  Zn	
  bicrystals	
  at	
  
-­‐196°C	
  and	
  375°C.	
  

•  Driving	
  force	
  is	
  relief	
  of	
  elas5c	
  stress	
  via	
  
grain	
  boundary	
  disloca5on	
  mo5on.	
  

Bainbridge, Li, and Edwards, Acta Metall. 2 (1954) 322.



Mechanically-­‐induced	
  grain	
  growth	
  limits	
  the	
  fa<gue	
  life	
  of	
  
nanocrystalline	
  metals.	
  

Boyce and Padilla, Metall. Mater. Trans A 42A (2011) 1793.

•  During	
  fa5gue	
  tests	
  of	
  nanocrystalline	
  alloys,	
  failure	
  is	
  
always	
  observed	
  to	
  ini5ate	
  at	
  colonies	
  of	
  very	
  large	
  
grains.	
  

•  These	
  abnormal	
  grains	
  develop	
  during	
  fa5gue	
  tes5ng.	
  
•  Room	
  temperature	
  

•  Nominally	
  elas5c	
  
•  High	
  Schmid	
  factor	
  grains	
  

•  In	
  the	
  absence	
  of	
  large	
  grains,	
  the	
  material	
  does	
  not	
  
fail.	
  



Computational Methodology – Initial State 

•  Thin film (X/Y periodicity, free surface in Z) 
•  3D Voronoi tessellation followed by thermal anneal 

•  Pre-anneal: ~4nm grain size 
•  Random orientations 
•  (53 nm)3 containing about 13 million atoms 

•  Thermal equilibration at 1175 K (0.75 Tm) for 0.2 ns 
•  Thermal grain growth yields 

•  half the number of initial grains  
•  equilibrates triple junctions 

•  Ni EAM potential (Foiles et al. 2006) 
•  R=15 nm spherical indenter 
•  Indenter modeled by repulsive potential 

•  Constant velocity indentation: 
•  0.2 m/s, 1.0 m/s, and 5.0 m/s 

•  Three phases: 
•  Indentation 
•  Hold 
•  Withdrawal of indenter. 

Y	
  X	
  

Z	
  

FCC 
HCP 
Other (Defects/GBs) 

Tucker and Foiles, Materials Science and Engineering A  571, 207 (2013) 



Computa<onal	
  Methodology	
  –	
  Indenta<on	
  History	
  

•  Constant velocity indentation: 
•  0.2 m/s, 1.0 m/s, and 5.0 m/s 

•  Three phases: 
•  Indentation 
•  Hold 
•  Withdrawal of indenter. 

•  Indentation force shows a modest rate 
dependence during indentation 

•  Force largest for fastest indent 

•  The normalized relaxation rate during the 
‘hold’ and ‘lift’ phases is approximately 
identical for all three indentation rates. 

•  During the hold and relaxation, the 
force only depends on indenter depth 

Tucker and Foiles, Materials Science and Engineering A  571, 207 (2013) 

•  R=15 nm spherical indenter 
•  Indenter modeled by repulsive potential 



Analysis can track evolution of grain boundary area  
and the motion of grains 

Comparison of initial and final states shows the 
elimination of grain boundaries near the indenter 

Significant rate dependence in the 
evolution of grain boundary area  

Tucker and Foiles (2012), Mat. Sci. Eng. A 571, 207 (2013) 

Grain growth and GB 
relaxation 



Partial Slip 

Full Slip 

stress-state is more influential than diffusion processes as origin-
ally thought. Brandstetter et al. also concluded that GB motion is
stress-driven and impurities can hinder GB migration and grain
coarsening, and therefore affect material behavior.

MD simulations have also been leveraged within the past
decade to study grain growth in NC metals and explore the
underlying mechanisms [33–36]. Xiao et al. [36] investigated NC
Ag structures with average grain sizes of approximately 3 and
6 nm. Their results showed that grain growth in full three-
dimensional NC Ag is enhanced at higher temperatures and is
strongly dependent on grain size. In addition, they also state that
GB migration, grain rotation, and dislocation mechanisms play a
vital role in the observed grain growth behavior. Haslam et al.
[34] studied a columnar NC Pd structure with an average grain
size of 15 nm. Prior to pronounced grain growth, Coble creep was
noted to be the dominant mechanism, while grain rotation and
growth due to GB curvature, become the dominant mechanisms
without externally applied stress. The authors also show that
stress-driven grain growth is a significant mechanism in colum-
nar NC Pd structures. The application of stress enhanced the
observed grain growth processes, as compared to higher applied
temperatures. Recent atomistic simulations have also explored
nanoindentation in a variety of materials, including NC metals
[37–44]. Initial studies were aimed at capturing the interactions
of dislocations and GBs in NC FCC due to surface indentation
[37,39]. Additional studies have focused on analyzing single-
crystalline structures [38,40], and multilayered structures [42].

These computational efforts have provided valuable insight
into fundamental mechanisms governing material properties, and
have also shown the utility of atomistic simulations in regard to
exploring nanoscale phenomena. However, questions remain
concerning grain growth in NC metals due to nanoindentation,
and the influence of indentation rate, depth, and thermal equili-
bration. Therefore, the primary objective of this work is to study
rate-dependent grain growth in NC nickel with MD simulations
due to surface indentation at room temperature. To successfully
investigate grain growth, we develop several post-processing
algorithms in this research to quantify the grain structure and
individual deformation mechanisms active in the NC system. To
the authors’ knowledge, this is the first work to outline an
algorithm for identifying individual grains based on detailed
atomic information and local configurations to study large-scale
MD simulation data. In addition, we provide an initial relationship
between indentation rate and strain accommodation mechanisms
during grain growth. Three different surface indentation rates are
simulated in this work to explore the resulting effect on grain
growth and underlying deformation. The significance of this work
is that we are able to quantitatively measure the grain growth
behavior beneath the indenter as a function of rate and time, as
well as the evolution of individual lattice deformation mechan-
isms (i.e, dislocation migration and twinning) accompanying
grain growth.

2. Simulation methodology

The MD simulations are performed using an embedded atom
method interatomic potential by Foiles et al. [45]. The initial NC
structure is generated from a Voronoi tessellated structure [46]
with an initial average grain size of approximately 4 nm. How-
ever, this initial structure is artificial for two reasons. First, the
detailed atomic structures of the various GBs are not optimal. On
a larger scale, the triple junction angles are not appropriate for an
equilibrated structure. To correct these deficiencies, the system
was annealed at a temperature of 1175 K, which is 0.75 times the
melting point for this interatomic potential, for a period of 0.2 ns.

During this anneal, the average grain size increased to about 6 nm
such that the volume of a typical grain has increased by over a
factor of three or equivalently, the number of grains has been
reduced by over a factor of three. Since substantial grain growth
and concomitant GB motion occurred during this anneal, it is
assumed that the individual boundary structures will be near
equilibrium and that the triple junctions will have adjusted to the
appropriate angles. The system was then uniformly scaled to
account for thermal expansion at this elevated temperature to a
lattice constant appropriate for 300 K. The system was then
further annealed at 300 K for a time of 0.05 ns. The size of the
resulting NC structure is approximately 53 nm3 and contains
about 13 million atoms. Periodic boundary conditions are main-
tained in directions perpendicular to the indentation axis (X and
Y), while a free surface is present at the top Z-surface. For the
bottom Z-surface, the atoms within 0.6 nm of the bottom surface
are held fixed to anchor the system during indentation.

The indentation process is simulated with a moving artificial
external potential. The simulated spherical indenter exerts a
repulsive radial force on each atom within a distance R of the
indenter center with a magnitude of F ¼ Kðr#RÞ2 where r is the
distance from the atom to the indenter center, R is the indenter
radius and K ¼ 10 eV=Å

3
¼ 1:6 mN=nm2. There is no force applied

to atoms further than a distance R from the indenter center. In the
simulations reported here, R¼15 nm, and the indenter center is
initially located a distance R above the top surface. The indenter
center is then lowered at a constant velocity, held stationary and
then moved back up. This corresponds to an ideal frictionless
indenter being forced into the surface, held and then retracted.
The details of the indenter velocity and duration of the various
phases are described below.

The local crystalline structure of each atom is computed
according to the common neighbor analysis (CNA) method
[47,48]. According to this method, atoms are given different
integer values corresponding to differences in their local crystal-
line structure, computed from local atomic neighbor lists. For
example, atoms that have 12 nearest neighbors are either FCC or
hexagonal close-packed (HCP), while atoms that do not have 12
nearest neighbors are non-12 coordinated (GBs or other defects).
The CNA method offers an advantageous technique to both
visualize and distinguish different groups of atoms based on their
local structure, as will be outlined later for identifying disloca-
tions. For example, atoms located within stacking faults and twin
boundaries are in a HCP structure and can be differentiated from
other FCC lattice atoms using their computed CNA value. Further-
more, atoms located within GBs or other defects can also be
distinguished from lattice atoms using computed CNA values. All
MD simulations presented in this work were performed using
LAMMPS (lammps.sandia.gov) [49] and a timestep of 1 fs, while
visualizations in this paper were produced using Ovito [50].

2.1. Dislocation calculation

To compute dislocation fractions within the NC structures, the
slip vector (sa) [44] for each atom is first calculated according to
the following equation:

sa ¼#
1
ns

Xn

baa
ðxab#XabÞ ð1Þ

The computed slip vector of atom a ðsaÞ is dependent on each
nearest neighbor’s (b) distance from atom a in the current (xab)
and reference (Xab) configurations, the number of first nearest
neighbors (n), and the number of slipped nearest neighbors (ns).
Slip vector indicates the relative slip of the surrounding nearest
neighbors to atom a with regard to the initial undeformed
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Combination of analysis methods reveals  
the dislocation and twin boundary evolution 

•  Utilize neighbor lists and computed metrics to determine atomic slip and 
local neighborhood. 

Slip Vector 

•  Assign non-GB atoms integer values for deformation mechanism group 
•  Dislocations (Partial/Full) 
•  TBs 

Twin	
  Boundaries	
  

Disloca5on	
  Atoms	
  

Twin	
  Boundaries	
  

Stacking	
  Faults	
  
CNA	
  

Slip	
  Vector	
  
Full	
  Slip	
  

Par5al	
  Slip	
  



Both dislocation slip and twin boundary density evolution  
occur during the indentation 

How do we quantify the relative 
importance of these mechanisms? 

Par5al	
  Slip	
  

Full	
  Slip	
  

Dislocations Twin Boundaries 



e1 

e2 
x	
  X	
  

Con<nuum	
   Con<nuum	
  Atomis<c	
   Atomis<c	
  

dx	
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Microscale Kinematic Metric Formulation reveals local deformation modes 

CNA 

tr(E) 

Microrotation 



Strain Accommodation is Localized to Interfaces and Dislocations 

Green Strain Tensor 

•  tr(E) from all atoms in a phase (e.g. FCC, GB, Dislocation) 
added together. 

•  Strain accommodation from Interface plasticity is substantial 
•  Some relaxation during release 

•  Dislocation plasticity is roughly rate-independent and does not 
relax during release 

Deformation Gradient Tensor 

E =
1

2
(F T · F � I)

F↵
iI = !↵

iM (⌘↵)�1
MI

tr(E)	
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Summary	
  
•  MD	
  simula5ons	
  have	
  been	
  used	
  to	
  explore	
  the	
  varia5on	
  of	
  

proper5es	
  of	
  planar	
  grain	
  boundaries	
  over	
  geometry	
  and	
  
temperature	
  
–  Trends	
  in	
  proper5es	
  are	
  being	
  quan5fied	
  
–  Significant	
  numbers	
  of	
  boundaries	
  don’t	
  conform	
  to	
  conven5onal	
  wisdom	
  

•  MD	
  simula5ons	
  of	
  nanocrystalline	
  deforma5on	
  reveal	
  the	
  interplay	
  
between	
  conven5onal	
  disloca5on	
  mechanisms	
  and	
  boundary	
  
deforma5on	
  
–  Significant	
  simula5on	
  post-­‐processing	
  and	
  concepts	
  from	
  con5nuum	
  

mechanics	
  required	
  to	
  quan5fy	
  the	
  rela5ve	
  importance	
  of	
  different	
  
mechanisms	
  

•  Now	
  you	
  must	
  answer	
  the	
  most	
  important	
  ques5on	
  of	
  the	
  day	
  
–  RED	
  or	
  GREEN!	
  


